[1] Using high-spectral and -spatial resolution Moon Mineralogy Mapper data, we investigate compositional variations across the central peak structures of four impact craters within the South Pole-Aitken Basin (SPA). Two distinct causes of spectral diversity are observed. Spectral variations across the central peaks of Bhabha, Finsen, and Lyman are dominated by soil development, including the effects of space weathering and mixing with local materials. For these craters, the central peak structure is homogeneous in composition, although small compositional differences between the craters are observed. This group of craters is located within the estimated transient cavity of SPA, and their central uplifts exhibit similar mafic abundances. Therefore, it is plausible that they have all uplifted material associated with melts of the lower crust or upper mantle produced during the SPA impact. Compositional differences observed between the peaks of these craters reflect heterogeneities in the SPA subsurface, although the origin of this heterogeneity is uncertain. In contrast to these craters, Leeuwenhoek exhibits compositional heterogeneity across its central peak structure. The peak is areally dominated by feldspathic materials, interspersed with several smaller exposures exhibiting a mafic spectral signature. Leeuwenhoek is the largest crater included in the study and is located in a region of complex stratigraphy involving both crustal (feldspathic) and SPA (mafic melt and ejecta) materials. The compositional diversity observed in Leeuwenhoek's central peak indicates that kilometer-scale heterogeneities persist to depths of more than 10 km in this region.
Introduction
[2] Decades of study have revealed the Moon to be a complex body, exhibiting compositional variations both across its surface and into its interior. The mineralogy and spatial distribution of lunar materials reflect the geological history of the Moon, including its accretional formation, thermal evolution, and impact history.
[3] Impact craters on the lunar surface act as probes to the interior, exposing material from the subsurface. Central peak craters are especially useful, as they uplift material from beneath the excavation cavity, often from depths of~10 km or greater (depending on crater diameter) [e.g., Melosh, 1989; Cintala and Grieve, 1998] . A number of studies have been performed using central peak craters to evaluate the stratigraphy of the lunar subsurface [e.g., Tompkins and Pieters, 1999; Wieczorek and Zuber, 2001; Cahill et al., 2009; Nakamura et al., 2009; Song et al., 2013] . The primary objective of these papers has been to discern global and regional stratigraphic trends through the compositional assessment of multiple central peaks.
[4] Here we adopt a somewhat different approach. Taking advantage of the high-spectral and -spatial resolution of newly available Moon Mineralogy Mapper (M 3 ) data [Pieters et al., 2009] , we investigate spectral variation observed within individual central peaks. The objectives for this analysis are (1) understanding the fundamental mechanisms giving rise to spectral variation across central peaks (such as soil development) and (2) identifying the materials most representative of the subsurface (materials which have been uplifted from depth and remain relatively pristine).
[5] For this study, we choose four central peak craters from within a single terrane, the South Pole-Aitken Basin (SPA). These craters are shown in Figure 1 . As noted in previous studies, many central peaks within SPA appear to exhibit a small compositional range compared to peaks across the rest of the Moon [Tompkins and Pieters, 1999; Nakamura et al., 2009] . The central peaks of individual SPA craters also tend to display limited compositional variation across their structures [Tompkins and Pieters, 1998 ]. These observations suggested that a thick layer of relatively homogeneous material (such as impact melt) dominates the SPA interior [e.g., Pieters et al., 2001 ; Nakamura et al., 2009].
[6] Our overall goal is to investigate the compositional diversity observed across the selected central peak structures. The techniques presented here allow us to distinguish between spectral variations arising from soil development and variations arising from true compositional heterogeneity. This enables a full accounting of the lithologies present in central peak structures, which contributes to the understanding of the composition of materials at depth. Using these techniques, constraints are placed on the SPA subsurface.
Background

The Evolution and Stratigraphy of the Lunar Crust and Mantle
[7] Crystallization of an early magma ocean is believed to have resulted in an ultramafic mantle overlaid by an anorthositic crust [e.g., Wood et al., 1970 , Snyder et al., 1992 Hess and Parmentier, 1995; Elkins-Tanton et al., 2011] . On average, the crust is~40 km thick, as shown by recent models incorporating Gravity Recovery and Interior Laboratory (GRAIL) gravity and Lunar Orbiter Laser Altimeter (LOLA) topography data [Wieczorek et al., 2013] . Several lines of evidence from lunar sample analyses as well as remote sensing studies suggest that the mafic content of the crust increases with depth [Reid et al., 1977; Ryder and Wood, 1977; Bussey and Spudis, 2000; Tompkins and Pieters, 1999; Cahill et al., 2009; Ohtake et al., 2009] . However, impacts throughout lunar history have fractured, brecciated, mixed, melted, and redistributed crustal materials. This has resulted in a fine-grain surficial regolith overlying a megaregolith consisting of fractured, redistributed crust and blocks extending to depths of~10 km or greater [e.g., Short and Foreman, 1972; Hartmann, 1973 , McKay et al., 1974 Hörz et al., 1977; Cashore and Woronow, 1985; Li and Mustard, 2000, Wieczorek et al., 2013] .
[8] The composition and stratigraphy of the lower crust and mantle have been constrained through a variety of measurements and models but are not precisely known. Models of lunar magma ocean crystallization predict an inverted density structure in the mantle. The early-crystallizing phases such as Mg-rich olivine and orthopyroxene are predicted to sink to the bottom of the coexisting liquid, forming the lower mantle. In this scenario, the primordial upper mantle would be composed of denser, late-crystallizing phases such as Fe-rich pyroxene, ilmenite, and other incompatible-rich phases [Wood et al., 1970; Hess and Parmentier, 1995; Elkins-Tanton et al., 2011] . This stratigraphy is gravitationally unstable and is expected to undergo gravitational overturn, resulting in a rearranged stratigraphy with the lighter Mg-rich olivine and orthopyroxene phases relocated to the upper mantle [Hess and Parmentier, 1995; Elkins-Tanton et al., 2011] .
The South Pole-Aitken Basin
[9] As the largest and oldest recognized impact structure on the Moon [Stuart-Alexander, 1978; Spudis et al., 1994] , the South Pole-Aitken Basin (SPA) is central to understanding a wide range of lunar properties. SPA is pre-Nectarian in age,~2100-2500 km in diameter, and elliptical in structure [Stuart-Alexander, 1978; Spudis et al., 1994; Garrick-Bethell and Zuber, 2009] . Estimates of the SPA transient cavity radius range from 840 km to 1400 km [Spudis, 1993; Petro and Pieters, 2002; Potter et al., 2012] . Since the maximum excavation depth during an impact can be~10% of the transient cavity diameter [Melosh, 1989] , it is reasonable to infer that SPA has excavated through the crust and into the mantle. Since the depth of melting is thought to exceed the depth of excavation for basin-scale impacts [e.g., Cintala and Grieve, 1998 ], significant volumes of mantle could have melted during SPA formation. Although some of this melt may have been ejected from the basin, large volumes are probably retained in a region corresponding to the transient cavity, forming a central melt sheet [Morrison, 1998; Potter et al., 2012; Vaughan and Head, 2013] . Since SPA melt and ejecta are derived from great depths, characterization of these materials, if they can be identified, would constrain the composition (and thus evolution) of the lower crust and upper mantle. Of course, the impact conditions considered above are nonunique. Variations to a number of impact conditions could result in a significantly different depth and extent of melting, among other parameters. For instance, an oblique impact origin for SPA would reduce the depth of both melting and excavation [Schultz, 1997; Pierazzo and Melosh, 2000; Garrick-Bethell and Zuber, 2009] .
[10] Previous remote sensing observations have revealed the SPA interior to exhibit a distinct geochemical signature. SPA soils exhibit a mafic character and elevated concentrations of Fe and Th are present (compared to the lunar highlands) [e.g., Pieters et al., 1997 Pieters et al., , 2001 Jolliff et al., 2000; Lawrence et al., 2002 Lawrence et al., , 2003 . Although the basin contains several mare basalt emplacements, the dominant mafic signature is nonmare and is dominated by low-Ca pyroxene (LCP) [Pieters et al., 1997 ]. As noted above, many central peaks within SPA exhibit a limited compositional range, suggesting the presence of a thick, homogeneous, LCP-rich layer in the SPA subsurface [Tompkins and Pieters, 1999; Nakamura et al., 2009] . Additionally, small exposures of olivine, pure plagioclase, spinel, and nonmare high-Ca pyroxene in SPA have been observed using Clementine, Kaguya Spectral Profiler, and the Moon Mineralogy Mapper data Ohtake et al., 2009; Kramer et al., 2013; Yamamoto et al., 2012; Moriarty et al., 2013] .
Craters With Central Peaks
[11] On the Moon, central peaks are observed in craters from~10 km to~200 km [Cintala and Grieve, 1998 ]. Craters with central peaks expose material from a range of depths through at least three processes. (1) Compression and rarefaction shockwaves emanating from the point of impact cause excavation of material from depths approximately 10% of the transient cavity diameter [Oberbeck, 1975; Melosh, 1989] .
(2) For craters larger than~10 km, the depth of melting exceeds the depth of excavation, and thus, deeper materials are incorporated into the melt than in crater ejecta [Cintala and Grieve, 1998 ]. (3) Central peaks result from the dynamic rebound of material at the point of impact [Melosh, 1989; O'Keefe and Ahrens, 1993; Cintala and Grieve, 1998 ]. Cintala and Grieve [1998] argue that central peak material must originate from beneath the melt, as they assume melt to be a strengthless fluid and thus could not participate in peak formation. This reasoning sets the maximum depth of melting as the minimum depth of origin of central peak material. The maximum depth of melting is estimated to be approximately 0.109D 1.08 , where D is the final crater diameter [Cintala and Grieve, 1998; Cahill et al., 2009] . In central peak craters, the deepest material exposed is located in the central peak.
Tools for Compositional Analyses
[12] The primary compositional assessments in this study are performed using Moon Mineralogy Mapper (M 3 ) data [Pieters et al., 2009] . As a visible-to-near-infrared (NIR) imaging spectrometer, M 3 returned data which provides mineralogical information in spatial context. The data consist of 85 spectral channels over the wavelength range spanning 430 to~3000 nm. The spatial resolution varies between 140 × 140 and 140 × 240 m 2 per pixel, depending on the optical period . Level 2 data with the ground truth correction applied are used in this analysis Isaacson et al., 2013] . We limit the data for this study to a single optical period (OP2C1) to facilitate direct comparisons of central peaks in different image strips [Boardman et al., 2011] .
[13] Over the M 3 wavelength range, common lunar minerals exhibit diagnostic absorption bands resulting from transition metal cations in specific sites in mineral crystal structures [e.g., Burns, 1993] . The shape, strength, and position of these bands are sensitive to mineralogy, as well as optical maturity and observing conditions. Pyroxenes (which dominate the spectral signature of SPA [e.g., Pieters et al., 1997 Pieters et al., , 2001 ]) exhibit two primary absorption bands at~1 and~2 μm. The 1 μm band center for pyroxenes ranges from 0.905 μm (Mg-rich orthopyroxenes) to~1.07 μm (Mg-poor clinopyroxenes), shifting to longer wavelengths with increasing Fe and Ca content [Klima et al., 2007 [Klima et al., , 2011 . The 2 μm band of pyroxene also tends to move toward longer wavelengths with increasing Fe and Ca content. In general, absorption band depths increase with pyroxene abundance but are also affected by grain size, optical maturity, and observing geometry [Pieters, 1983; Hapke, 2001; Clark et al., 2002] .
[14] Materials exposed on the lunar surface undergo gradual space weathering, which is driven by constant micrometeorite impacts and bombardment by high-energy solar wind particles. These result in the accumulation of nanophase metallic Fe on the surface of regolith grains, as well as the formation of glass-welded agglutinate particles [Keller and McKay, 1997; Pieters et al, 2000; Hapke, 2001; Noble et al., 2001] . In the NIR, optical effects of lunar space weathering include decreased absorption band strengths, lower albedo, and a red-sloped spectral continuum [McCord and Adams, 1973; Pieters et al., 2000] . The degree of space weathering experienced by a material is a function of surface exposure time. Topographically, steep areas (such as central peaks) inhibit the accumulation of space weathering products and regularly expose optically immature materials through mass wasting (downslope flow of loose materials).
3. Methods
Crater Selection
[15] M 3 images for the four SPA peaks considered in this study are given in Figure 1 . Table 1 lists the latitude, longitude, diameter, age, and estimated depth of origin for each central peak.
[16] We choose a small number of central peak craters in order to focus on the spatial distribution of materials within individual peak structures. We intend the results of this study to facilitate further regional assessments involving many craters. Although the number of central peak craters analyzed here is small, the chosen craters span a wide range in size (66.2-125.1 km), age (nectarian-eratosthenian), and location in the basin (both inside and outside the estimated extent of the transient cavity), providing a diverse sampling of SPA central peak properties [Wilhelms et al., 1987; Spudis, 1993; Petro and Pieters, 2002; Wilhelms and Byrne, 2009; Potter et al., 2012] . The four craters chosen each exhibit a large, contiguous central uplift and were imaged by M 3 in optical period OP2C1. The choice of Finsen, Bhabha, and Lyman allows comparison with both recent and earlier studies [Tompkins and Pieters, 1999; Wieczorek and Zuber, 2001; Cahill et al., 2009; Nakamura et al., 2009] . The fourth crater in this analysis (Leeuwenhoek) was not included in the previous studies and thus provides new insights.
Moon Mineralogy Mapper Analysis
[17] For each central peak crater, M 3 data are analyzed to evaluate mineralogical diversity using the techniques described below.
Continuum Estimation and Removal
[18] As mentioned in section 2.4, lunar spectra typically exhibit a red continuum across the NIR, resulting in part from space weathering processes. To properly evaluate the character of the compositionally diagnostic 1 and 2 μm absorption features, it is necessary to remove this continuum. An analytical form of the lunar spectral continuum is not uniquely defined [Hiroi et al., 2000; Noble et al., 2006] . For this analysis, the continuum is approximated as a two-part straight line (in wavelength space), effectively serving as an "average continuum" across the 1 and 2 μm regions.
[19] To estimate the continuum, three tiepoints are chosen which bound the 1 and 2 μm pyroxene absorption bands. Each tiepoint is calculated from an average of three consecutive M 3 channels to reduce the effect of noise. The wavelength positions of the outer tiepoints are fixed at 750 nm and 2540 nm. The middle tiepoint is allowed to range between 1110 and 1740 nm. The tiepoint is chosen by a fitting routine that minimizes continuum-removed reflectance values greater than 1. Example continua are illustrated in Figure 2a .
[20] Continuum-removed M 3 spectra are produced by dividing reflectance spectra by their derived continua. Example continuum-removed spectra are given in Figure 2b . The approximate straight-line continuum removal used here may produce absorption band centers and shapes that differ somewhat from laboratory spectra of well-characterized minerals. However, using a single continuum removal algorithm throughout this analysis provides a consistent framework and allows comparative investigations to be performed. 3 spectra from Leeuwenhoek's central peak (black) and mare basalt fill (grey). The fixed outer tiepoints are calculated from the wavelength ranges indicated by the yellow boxes. The middle tiepoint is chosen by a fitting routine from the wavelength range indicated by the green box. (b) Continuum-removed spectra calculated by dividing the reflectance spectrum by the derived continuum. Parabolas (dashed lines) are fit to each primary mafic absorption band using 16 consecutive wavelength channels near 1 and 2 μm. The best fit 16 channel parabolas are chosen from the 25 channel wavelength ranges indicated by the blue and pink boxes. 
Spectral Parameters
[21] As discussed in section 2.4, analyses of absorption band centers and strengths provide valuable information about the mineralogy of the surface. Once continuum removal has been performed, parabolas are fit to each absorption band to estimate the band depth and center. Example parabolas are shown in Figure 2b . Through parabola fitting, the measurement of absorption band properties takes into account many wavelength channels, therefore reducing the effect of noise in any single channel. For the highest quality data, detailed analyses of these absorption bands can be performed using more advanced analytical techniques such as the modified Gaussian model [Sunshine et al., 1990] .
[22] In this analysis, two compositionally sensitive parameters are recorded: band center and band depth. Estimated band center (EBC) is defined as the wavelength position of the minimum of the best fit parabola. As discussed in section 2.4, the band centers of pyroxenes shift from short to long wavelengths with increasing (decreasing) Fe and Ca (Mg) content.
[23] Estimated band depth (EBD) is defined as 1 À r, where r is the continuum-removed reflectance value at the parabola minimum. As discussed in section 2.4, band depths increase with increasing pyroxene content. However, band depth can also be affected by grain size, optical maturity, and observing geometry [Pieters, 1983; Hapke, 2001; Clark et al., 2002] .
[24] Although not a direct measure of composition, normalized continuum slope (NCS) is recorded as another useful parameter. Since space weathering in the lunar environment tends to result in a red continuum slope, steeper continuum slopes are often associated with greater optical maturity (assuming similar composition, grain size, and viewing geometry) [McCord and Adams, 1973; Pieters et al., 2000] . To calculate NCS, the continuum slopes for the 1 and 2 μm regions (as described in section 3.2.1) are normalized to the reflectance value at 700 nm, which falls outside the primary ferrous absorption bands. Assuming proper photometric corrections, normalization removes dependence on signal intensity and allows comparison between multiple regions. The slope of the normalized continuum (per micron wavelength unit) is reported as the NCS.
Results
[25] For each central peak crater, continuum removal and parameter calculations were performed for the pertinent M 3 image cubes from optical period OP2C1. The trends presented below have been validated with image cubes from other optical periods, where comparable data are available. To focus the analysis exclusively on central peak materials, the pixels comprising each crater's central uplift were extracted manually. The uplifts are typically several thousand pixels in size. Areas of deep shadow were masked to suppress artifacts arising from low illumination.
[26] For each crater's central uplift, the distributions of compositional parameters are used to identify and characterize compositional groups and trends. Relationships between band centers (EBC) and band depths (EBD) were found to provide useful insights into compositional trends across central peak structures. These relationships are visualized via EBD versus EBC scatterplots. Scatterplots for Finsen and Leeuwenhoek are displayed in Figures 3b and 5b .
[27] To map spectral variation and compare between central peaks, pixels are classified by band depth. Six band depth classes are defined and displayed in color, with Class 1 (red) exhibiting the highest band depths (EBD1 > 0.25) and Class 6 (cyan) exhibiting the weakest (EBD1 < 0.05) (see key in Figures 3 and 5 ). In the resulting images, the pixels comprising each central peak are displayed using the color code assigned to a particular class. This procedure highlights the spatial distribution of spectral variations across the peak. The resulting band depth maps are given in Figures 3a and  5a and Figures S1 and S2 in the supporting information 4.1. Homogeneous Central Peaks: Bhabha, Finsen, and Lyman
[28] As illustrated in Figure 3 , Finsen's central uplift exhibits multiple occurrences of Class 1 (high EBD1) material. The Class 1 materials are observed on high ridges and steeply sloped terrain. A progression from Class 1 to Class 4 material toward the crater floor is observed from each Class 1 area.
[29] For each EBD1 class, an average spectrum is calculated from all pixels comprising the class (100 s-1000 s of pixels). These spectra are given in Figures 4a and 4b . Absorption band depths clearly decrease from Class 1 to Class 4 (red to blue). Band centers appear to shift to slightly shorter wavelengths with increasing band depth. This relationship is highlighted in Figure 4c , which gives histograms of EBC1 values for the pixels comprising each EBD1 class. The unimodal EBC1 distributions observed in the histogram, as well as the single trend observed in the EBD1 versus EBC1 scatterplot, suggest that a single mafic lithology dominates the Finsen central peak structure.
[30] The central peaks of Lyman and Bhabha exhibit similar spatial distributions of EBD1 classes. These relations are illustrated in Figures S1 and S2. For these three peaks, Class 1 (high EBD1) materials on elevated ridges and steep slopes transition to Class 4 (lower EBD1) materials toward the crater floor. In all three central peaks, band centers shift toward slightly longer wavelengths with decreasing band depth. This spatial pattern suggests that the spectral variations observed in these peaks are associated with postimpact soil development, rather than with significant compositional variations. This interpretation is discussed further in section 5.1.
Heterogeneous Central Peak: Leeuwenhoek
[31] The character of Leeuwenhoek's spectral variation differs noticeably from that observed for the other peaks. As evident from Figure 5 , absorption bands across the peak structure are generally much weaker, as captured by spectra as well as the EBD1 parameter. The most mafic material exposures on the peak (Class 3 + 4) do not follow a simple spatial progression to the least mafic material (Class 6). Instead, the most mafic and least mafic materials appear to be discrete, compositionally distinct exposures.
[32] Spatially, Leeuwenhoek's central uplift exhibits discrete exposures of Class 3 + 4 and Class 6 materials embedded in a larger region of Class 5 material. The small (~1 km) but relatively mafic-rich Class 3 + 4 materials are associated with elevated areas and steep slopes on the southern portion of the uplift. Small craters are visible near some of these exposures. Class 5 + 6 materials dominate Leeuwenhoek's central peak by area, suggesting that the uplifted material is primarily low in mafic content.
[33] On Leeuwenhoek's central peak, Class 6 materials exhibit the weakest absorption bands, are located toward the center of the peak, and are partially associated with bright material on the rim of a large (>5 km) depression (see Figure S3 for Lunar Reconnaissance Orbiter Camera Narrow Angle Camera images of the bright material). Assuming this depression is an impact crater, Class 6 materials represent relatively pristine materials exposed by post-Leeuwenhoek cratering. Class 5 materials exhibit slightly stronger absorption bands and are associated with degraded areas across the peak and areas proximal to the crater floor. The spatial distributions observed suggest that Class 3 and Class 6 are compositionally distinct and represent the most pristine materials observed on Leeuwenhoek's central peak. Class 4 and 5 materials are interpreted to arise from weathering and local mixing processes.
[34] Further evidence supporting inherent compositional differences between the Class 3 and Class 6 materials on Leeuwenhoek is given in Figure 6 . Average spectra for Classes 3 + 4 exhibit significantly deeper and shorterwavelength absorption bands than the average spectra for Classes 5 + 6 (Figures 6a and 6b) . Histograms of EBC1 values for each EBD1 class confirm the sharp difference in band centers between Classes 3 + 4 and Classes 5 + 6 (Figure 6c ). The pronounced differences in band depth and band center suggest significant differences in the mafic composition and abundance between these materials.
Compositional Overview of SPA Central Peaks
[35] A compositional overview of the mafic-rich components of the central peaks in this analysis is given in Figure 7 . For the most mafic EBD1 class in each central peak, an average spectrum is calculated from all pixels comprising the class. Histograms of the EBC1 values for these most mafic classes are also presented. For Bhabha, Finsen, and Lyman, the most mafic EBD1 class is Class 1. For Leeuwenhoek, the most mafic EBD1 class is Class 3. Lyman's absolute reflectance appears relatively high due to errors in the photometric correction associated with steep slopes across the peak (which are poorly resolved in the topography data used for the correction). Lyman is located at high latitude, which exacerberates the effect.
[36] Figure 8 allows a more complete comparison of the selected SPA central peak compositions, as characterized by the EBD and EBC spectral parameters. An average reflectance spectrum is calculated for every EBD1 class in each central peak. For each average reflectance spectrum, continuum removal and parameter calculations are performed. The fitting parameters are varied by hand to attain the best possible fits. This results in reliable EBD and EBC values for each EBD1 class in each crater, even in the case of weak absorption bands. Using these values, the EBD versus EBC relationships for all EBD1 classes in this analysis are plotted. This figure highlights spectral trends within individual peaks and allows direct comparisons between peaks. Average EBC and EBD values for both the 1 and 2 μm bands are calculated and presented using this procedure.
Discussion
Soil Development
[37] Multiple lines of evidence implicate soil development as the principal cause of spectral variation across the central peaks of Bhabha, Finsen, and Lyman. In these peaks, the materials exhibiting the strongest 1 and 2 μm absorption bands (Class 1) are located primarily on elevated ridges and steep slopes (as seen in Figure 3 ). In these areas, soil development is inhibited by mass wasting, resulting in an optically immature spectral signature.
[38] Across the central peaks of Bhabha, Finsen and Lyman, monotonic gradients in EBD are observed, with little variation in EBC. In each crater, Class 1 materials at higher elevations on the peaks transition through Classes 2-4 toward the crater floor. These observations imply that the variations in EBD arise from a progressive process. This is consistent with differences related to limited soil accumulation on elevated ridges and increasing soil accumulation toward the crater floor.
[39] The relationship between continuum slope and band depth provides additional evidence that spectral variations across the mafic-rich peaks are driven by soil development. In Figure 9 , parameter maps for the EBD1 and NCS1 (1 μm normalized continuum slope) parameters are presented for Finsen and Leeuwenhoek. For Finsen, spatial correlation between high band depths and flat spectral continuum slopes is observed. A scatterplot of EBD1 versus NCS1 is provided in Figure S4 to show the inverse correlation between band depth and continuum steepness. Bhabha and Lyman exhibit similar correlations. Continuum slope is linked to the degree of space weathering, which also tends to reduce band depth. Therefore, these correlations between NCS1 and EBD1 suggests that band depth variations across the central peaks of Finsen, Bhabha, and Lyman are the result of optical maturation processes related to soil development.
[40] Lunar soil development is a complex process involving both space weathering and impact-driven mixing [McKay et al., 1974; McCord and Adams, 1973; Pieters et al., 2000] . The effects of both processes may be observable here. Space weathering significantly weakens absorption bands with only minor, if any, effect on their measured band centers [McCord and Adams, 1973; Pieters et al., 2000] . For Bhabha, Finsen, and Lyman, band centers shift only slightly (<5 nm) between Class 1 and Class 3, while band depths change significantly (as seen in Figures 4 and 8) . This is consistent with space weathering.
[41] In contrast, a small but regular shift in band center is observed for the Class 4 materials in the central peaks of these craters. For each of these craters, Class 4 materials tend to be proximal to crater floors. Class 4 materials exhibit the weakest band depths and longest wavelength absorption bands observed on the peaks (as seen in Figures 4 and 8) . In addition to space weathering effects, the band center shifts could arise from mixing between peak and floor materials.
[42] Recognizing that the band depth variations observed in the central peaks of these three craters are indeed a result of postimpact soil development, each of these peaks can be considered compositionally homogeneous based on the analyses presented above. This implies that each peak has sampled material from a zone that is homogeneous on the scale of the uplift. If this is the case, then the Class 1 material is the most pristine representation of the subsurface. Identification of the most pristine central peak material(s) in this fashion is important when interpreting remote sensing data, as it is seen that compositionally homogeneous peaks can exhibit a heterogeneous façade in some spectral parameters. [43] The spectral variations observed in Leeuwenhoek's central peak are distinctly different from those seen in the uplifts of the other craters and cannot be explained by a single soil development trend. The range of EBD classes present (Class 3 to Class 6) are manifest as spatially independent exposures with significantly different mafic compositions (EBC differences of~30 nm). As illustrated in Figure 9 , the spatial variations in continuum slope (NCS1) are not directly correlated with the variations in band depth (EBD1) across Leeuwenhoek's central peak complex. Furthermore, the scatterplot of EBD1 versus NCS1 values given in Figure  S2 shows two main branches, suggesting weathering/mixing trends involving at least two compositionally distinct endmembers. The spatial distribution of EBD1 classes and nonmonotonic relationship between EBD1 and NCS1 support the argument that compositional heterogeneity is the primary cause of the observed spectral variations in Leeuwenhoek's central peak.
Compositional Differences Among SPA Mafic Peaks
[44] Pyroxene is the dominant mafic component of the central peaks in this study, as indicated by the spectral properties shown in Figure 7 . Each spectrum exhibits prominent, narrow absorption bands at~1 and~2 μm. Based on EBC measurements, the pyroxenes observed fall into two compositional groups, as seen in Figure 8 . The longer-wavelength group (Group A) exhibits band centers around~945 and 1980 nm. These band centers are consistent with relatively Fe-rich orthopyroxene or pigeonite (low-Ca pyroxene) [Klima et al., 2007 [Klima et al., , 2011 . The shorter wavelength group (Group B) exhibits band centers around~925 and~1900 nm. These band centers are consistent with more Mg-rich orthopyroxene [Klima et al., 2007 [Klima et al., , 2011 .
[45] Bhabha and Finsen exhibit a lithology with the longer wavelength absorption bands (Group A). These craters are located near the center of SPA. Lyman and the small maficrich units in Leeuwenhoek exhibit shorter wavelength absorption bands (Group B). These craters are further from the center of the basin, although Lyman still lies within estimates of the transient cavity [Spudis, 1993; Petro and Pieters, 2002; Potter et al., 2012] .
[46] Impact crater scaling laws predict that the SPA impact excavated through the crust and melted a potentially large volume of mantle material [Melosh, 1989; Pierazzo et al., 1997; Morrison, 1998; Potter et al., 2012; Vaughan and Head, 2013] . In this scenario, a thick layer of impact melt (~45 km) is predicted to line the inner portion of the basin [Morrison, 1998; Vaughan and Head, 2013] . If the melt volume is thick, has low viscosity, convects, and cools slowly, then melt differentiation is possible [Warren, 1993] . The exact stratigraphy produced is sensitive to a number of factors, including the bulk composition of the melt, the clast content, viscosity, and cooling rate. However, a general cumulate stratigraphy similar to that predicted for a lunar magma ocean could result, consisting of Mg-rich olivine and pyroxene at depth transitioning to more Ca-and Fe-rich pyroxene closer to the surface [Snyder et al., 1992; Hess and Parmentier, 1995; Morrison, 1998; Elkins-Tanton et al., 2011; Hurwitz and Kring, 2013; Vaughan and Head, 2013] .
[47] Bhabha, Finsen, and Lyman fall within the estimated SPA transient cavity [Spudis, 1993; Petro and Pieters, 2002; Potter et al., 2012] . These central peaks have uplifted material from~10-13 km (Table 1) and exhibit similar mafic abundances (as indicated by EBD measurements). If these three peaks have sampled differentiated melt sheet material, EBC measurements suggest that the Mg-rich pyroxenes sampled by Lyman are deep, early crystallizing assemblages,
Figure 9. M 3 2940 nm radiance, EBD1 parameter map, and NCS1 parameter map for the central peak regions of (a-c) Finsen and (d-f) Leeuwenhoek. Brighter pixels in the EBD1 map indicate deeper absorption bands. Brighter pixels in the NCS1 map indicate flatter spectral slopes (associated with optical immaturity). In Finsen, spatial correlation between the deepest absorption bands and flattest spectral slopes suggests that variations in band depth are dominated by variations in optical maturity. In Leeuwenhoek, band depths are not correlated with spectral slopes. This indicates that differences in band depth are not related to optical maturity and are thus interpreted as variations in mafic abundance.
while the more Fe-and Ca-rich pyroxenes sampled by Finsen and Bhabha represent shallower, later-crystallizing materials.
[48] Although the differentiated melt sheet model is simple, straightforward, and physically reasonable, there are several significant complicating factors. Processes such as an oblique impact would reduce the total melt volume and melt fraction, resulting in more abundant clasts and a higher melt viscosity [Pierazzo and Melosh, 2000; Stewart, 2011] . This could inhibit convection and differentiation [Warren, 1993] .
[49] If such an impact scenario prevented melt sheet differentiation, the observed compositional diversity among the mafic central peaks suggests lateral heterogeneity in the SPA subsurface. This could arise from several processes. For example, if the retained SPA melt did not convect, melt and clasts in SPA would remain poorly mixed. In this scenario, differential incorporation of clasts across the melt sheet would be preserved, and the subsurface composition would reflect the character of the clasts as well as the composition of the melt. Melt near the basin center may have incorporated clasts from significant depth in the lower crust or upper mantle, while melt in the outer edge of the basin may contain only shallower crustal clasts entrained or injected during the modification stage (collapse of the transient cavity). It may also be possible that some of the compositional differences between these craters arise from undetected post-SPA intrusive volcanism. The origin of the deep-seated mafic materials observed in the central peaks of Finsen, Bhabha, and Lyman is not yet uniquely defined.
Plagioclase and Orthopyroxene in Leeuwenhoek
[50] The low overall mafic abundance observed in Leeuwenhoek's central peak implies the presence of feldspathic crustal materials. This is consistent with Leeuwenhoek's location outside of the SPA transient cavity as well as the estimated depth of origin of Leeuwenhoek's peak materials (~20 km), which is less than the crustal thickness in the region as estimated by GRAIL [Spudis, 1993; Petro and Pieters, 2002; Potter et al., 2012; Wieczorek et al., 2013] .
[51] Nevertheless, the presence of two different materials at depth at Leeuwenhoek is required to explain the observed spectral data: (1) localized, kilometer-scale orthopyroxenerich material with short absorption band centers (~925 nm and~1925 nm) and (2) volumetrically abundant plagioclase-rich, low-mafic material. The small size of the Class 3 + 4 exposures suggests that these relatively mafic-rich materials are present in smaller quantities than the Class 5 + 6 (low mafic) materials and thus were uplifted from depth either as small kilometer-scale zones or as the edge of a compositional boundary. Other craters of various sizes in the vicinity of Leeuwenhoek have exposed both low-mafic and LCP-rich materials, suggesting that kilometer-scale compositional heterogeneity is common in the NW region of SPA over a range of depths [Moriarty et al., 2013] .
Summary and Conclusions
[52] Central peak craters serve as important probes to the interior, since the material comprising the peaks has been uplifted from significant depths systematically related to crater diameter. Central peaks can be tens of kilometers across and often exhibit significant spectral variation across their structures.
[53] We have investigated four central peak craters within the South Pole-Aitken Basin. In these central uplifts, two distinct causes of spectral variation were observed. Spectral variations across Finsen, Bhabha, and Lyman were found to be dominated by soil development, including the effects of space weathering and mixing with local materials. These peaks appear to have uplifted homogeneous and relatively mafic-rich material from depth, although the composition varies between each crater. In Leeuwenhoek, significant compositional heterogeneity is observed in the uplifted material. Spatially, the peak is dominated by plagioclase-rich, low-mafic materials, probably crustal in origin. However, multiple small exposures of mafic-rich materials across the peak structure indicate kilometer-scale heterogeneity in the central peak source region.
[54] The central peaks of Bhabha, Finsen, and Lyman are spectrally dominated by pyroxene. These peaks exhibit similar mafic abundances to each other and are located within the transient cavity of SPA. Therefore, it is plausible that they have all uplifted materials from within a thick, melt-rich deposit formed during the SPA impact. Lyman exhibits distinctly shorter-wavelength pyroxene absorption bands than Bhabha and Finsen, indicating higher Mg content. If these peaks sample material from a differentiated melt sheet, the observed compositional differences are consistent with Lyman tapping a deep, early-crystallizing, Mg-rich layer, while Bhabha and Finsen have sampled a shallower, latercrystallizing, more Ca-and/or Fe-rich layer. A laterally heterogeneous melt sheet could also explain these compositional differences. In this case, the observed compositional diversity may reflect the composition of lithic clasts locally incorporated into the SPA impact melt. Leeuwenhoek is located in a region of complex stratigraphy involving crustal materials, mobilized SPA materials (melt and solids), and possibly lower crustal Mg-rich lithologies. This complexity is reflected in the central peak.
[55] From this analysis, it is important to note that even central peak complexes that have uplifted homogeneous materials from depth exhibit significant spectral variation across their structures due to natural alteration in the lunar environment. Moon Mineralogy Mapper data are well suited to distinguish true compositional diversity from spectral variations arising from soil development, mixing, or other processes. Using M 3 observations of the central peaks of Bhabha, Finsen, Leeuwenhoek, and Lyman to constrain the South Pole-Aitken subsurface, two major compositional findings are presented: (1) Among the four craters studied, Lyman and a small area in Leeuwenhoek exhibit a distinctively more Mg-rich composition than Finsen and Bhabha.
(2) Three of the craters (Bhabha, Finsen, and Lyman) exhibit homogeneous, mafic-rich compositions across their central peaks, whereas the central uplift of Leeuwenhoek is dominated by low-mafic materials and exhibits kilometer-scale heterogeneity involving both feldspathic and mafic-bearing materials. Although these results are themselves important and intriguing, a large number of similar analyses are required to determine compositional and mineral abundance patterns across the basin. Analysis of a significant number of SPA craters and the geologic context of associated materials (wall, floor, peaks, and ejecta) is in progress to relate these findings to larger-scale issues such as the formation and evolution of SPA. These issues include the basin structure, the composition of the subsurface, and the contributions to subsurface heterogeneity from melt differentiation and/or the incorporation of SPA-derived lithic clasts.
